In the present study, thiol b-cyclodextrin (SH-CD) and ethylenediamine b-cyclodextrin (NH 2 -b-CD) were simultaneously grafted on the same interface of an Au NP deposited carboxyl SiC (Au@CSiC)
Introduction
Nitrophenol (NP) is a nitroaromatic compound with three isomers, o-nitrophenol (o-NP), m-nitrophenol (m-NP) and pnitrophenol (p-NP), and is widely used as intermediates in the chemical industry, especially in the manufacture of paints, pesticides, explosives, medicines, and plasticizers.
1,2 On the other hand, some isomers of NP can be found in wastewater and agricultural run-off due to biodegradation of some organophosphorus pesticides.
3 NPs are widely distributed not only in industrial wastewater and soil but also in freshwater and marine environments. 4, 5 It is well-known that the isomers of nitrophenol are serious environmental pollutants due to their potential toxicity (carcinogen, teratogenic and mutagenic) to human beings, animals, and plants even at a very low concentration. [6] [7] [8] The harmful effects of NP on humans include headache, fever, breathing trouble, and even death at high levels of exposure. 9 In addition, the NPs are readily accumulated in organisms and are hard to naturally degrade because of the high structure stability. 10, 11 Therefore, NP has been listed as a priority pollutant by the United States Environmental Protection Agency (USEPA). 12, 13 However, the toxicity of nitrophenol isomers is different; o-NP and p-NP are highly toxic and exhibit much more serious impact on the growth and metabolic activities of the organism. 14, 15 The permissible limit of NP in the environment has been given. For example, the permissible limit of p-NP in the environment by different agents like United States EPA and the European Commission are 0.43 mM and 0.72 nM, respectively. 16 Accordingly, it is highly desirable to develop a selective and sensitive analytical method for nitrophenol isomers for environmental monitoring and diagnostic research.
b-Cyclodextrin (b-CD) is a kind of oligosaccharide composed of seven glucose units, which has a toroidal shape with a hydrophobic inner cavity and a hydrophilic exterior. 16 The hydrophobic inner cavity could enable b-CD molecules to bind selectively various organic, inorganic, and biological guest molecules in their cavities to form host-guest inclusion complexes. This supramolecular inclusion complexes has been proven to show high molecular recognition and enrichment capability. Furthermore, the exterior hydrophilicity could make b-CD easily to be used as functional molecules to improve the dispersibility (solubility) of functional materials. Meanwhile, b-CD is environmentally friendly and low-cost. 17 Based on these interesting characteristics, b-CD has been widely used in eld of electrochemical sensing. [18] [19] [20] [21] [22] However, in most cases, b-CD was loaded on the material surface at one interface in only one way. 17 It is desired that more b-CD molecules are linked with material through different binding sites at the same interface.
It is well-known that carbon materials are widely utilized in electrochemical sensor. Generally, carbon-based materials usually have higher background currents, which is a serious disadvantage, especially in electrochemical sensing or biosensing detection system. Alternatively, noncarbon materials commonly have lower background currents. 23 As one of the most valuable noncarbon materials, silicon carbide (SiC) has been considered to be a promising metal nanoparticles (NPs) support material due to its high-temperature stability, hardness, as well as chemical inertness. 24 This provide a hint that SiC could be an ideal substrate for further modication of function group or anchoring noble metal NPs for highperformance electrocatalytic or electrochemical devices.
To load more b-CD molecules with material and thus improve the enrichment capacity and electrochemical detection limit of guest molecule, in the present study, thiol-b-cyclodextrin (SH-b-CD) and mono-(6-ethanediamine-6-deoxy)-b-cyclodextrin (NH 2 -b-CD) were graed with silicon carbide (SiC) by Au-S bond and amido bond, respectively. Then, an electrochemical sensor based on the b-CD/SiC composite modied glassy carbon electrode (GCE) was fabricated for sensitive detection of nitrophenol isomers. The proposed electrochemical sensing platform was used to recognize guest molecules (NP isomers) as illustrated in Scheme 1.
Materials and methods
The experimental details are provided in ESI. †
Results and discussion

Characterization of the Au@CSiC and Au@CSiC-SH/ NH 2 -CD materials
The morphologies and microstructures of the Au@CSiC were investigated using a TEM. Fig. 1A -C shows the TEM images of the Au@CSiC at different magnications. SiC NPs demonstrated large amounts of particles approximately 20 nm. The Au NPs as spherical particles with a uniform size of $5 nm were fairly well monodispersed on the surface of SiC. Compared with Fig. 1A , B and C, shows that the surface of SiC was covered a layer of amorphous carbon with a thickness of $15 nm aer a hydrothermal reaction in glucose aqueous solution, forming a clear core-shell structure. These results indicated the Au@CSiC nanocomposite was successfully prepared. Au@CSiC-SH/NH 2 -CD nanohybrids also were further characterized by FTIR and TGA. Fig. 1D 
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The thermal stability of SiC, CSiC, and Au@CSiC-SH/NH 2 -CD was investigated by TGA. As shown in Fig. 1E redox couple (1 : 1) with 0.1 M KCl as supporting electrolyte. The value of the electron-transfer resistance (R ct ) of the modied electrode was estimated by the semicircle diameter. Fig. 1F illustrates the EIS of the bare GCE (a), CSiC/GCE (b), Au@CSiC/ GCE (c), Au@CSiC-SHCD/GCE (d) and Au@CSiC-SH/NH 2 -CD/ GCE (e). Obviously, the bare GCE exhibited a semicircle portion and the value of R ct was estimated to be approximately 850 U. When CSiC was loaded on the bare GCE, the R ct value of the GCE decreased to 750 U, indicating that CSiC had good conductivity and improved obviously the diffusion of ferricyanide toward the electrode interface. 25 When the Au@CSiC was modied on the bare GCE, the R ct value decreased comparing with that of CSiC, revealing that Au NPs with excellent conductivity can facilitate the electron transfer. For the Au@CSiC-SHCD/GCE and Au@CSiC-SH/NH 2 -CD/GCE, their semicircles both increased to approximately 1100 and 1300 U. This is because of the SH-CD or NH 2 -CD molecule hindered the electron transfer and made the interfacial charge transfer difficult. These results further suggested that two b-CD derivatives have been successfully attached to the SiC, which were agree well with the results of IR and TGA.
The electrochemical responses of o-NP and p-NP at different modied electrodes were investigated using CVs. The CVs for the oxidation of 1.0 mM o-NP and p-NP at bare GCE (a), CSiC/ GCE (b), Au@CSiC/GCE (c), Au-CSiC-SHCD/GCE (d), Au@C-SiC-SH/NH 2 -CD/GC (e) were carried out in 0.1 M PBS (pH 6.0). As shown in Fig. 2A and B, only a well-dened reduction peak is observed during the sweep from À1.2 V to À0.2 V at all the electrodes, and no corresponding oxidation peaks are observed, indicating that the electrode response of o-NP and p-NP is a typical irreversible electrode reaction. 16 The o-NP and p-NP exhibit a clear cathodic peak at approximately À0.72 and À0.83 V, respectively, which are associated with the irreversible reduction process of nitryl in aqueous solution. 28, 30 Furthermore, enhanced reduction currents of o-NP and p-NP using the CSiC/GCE were observed in comparison with those in the bare GCE. Meanwhile, the peak potential of o-NP and p-NP in CSiC/ GCE exhibited slight negative shi ($30 mV) than GCE. These results may be caused by good catalytic activity of CSiC. 24 Aer the homogeneous Au NPs were monodispersed on the CSiC surface, the reduction currents of o-NP and p-NP further increased compared with CSiC, which could be ascribed to the fact that Au NPs with remarkable conductivity and large surface area could amplify the electrochemical signal. On the other hand, the reduction peak current of o-NP and p-NP at Au@CSiC-SHCD/GCE is larger than that at Au@CSiC/GCE, suggesting that b-CD molecule has good recognition capability and thus cause the excellent enrichment capacity of o-NP and p-NP. Interestingly, the reduction peak current of the NP isomers at Au@C-SiC-SH/NH 2 -CD/GCE further increased markedly compared with that at Au@CSiC-SHCD/GCE, indicated that dual b-CD derivatives were functionalized at the same electrode interface and successfully used to improve the current signal of the NP isomers.
The DPVs for the reduction of a mixture containing 1 mM of o-NP and p-NP at bare GCE (a), CSiC/GCE (b), Au@CSiC/GCE (c), Au@CSiC-SH-CD/GCE (d) and Au@CSiC-SH/NH 2 -CD/GCE (e) were performed in 0.1 M PBS (pH 6.0). As shown in Fig. 2C , the current amplication and potential movement direction are similar to the CV diagram. The two well-dened peaks at À0.70 and À0.85 V correspond to o-NP and p-NP, respectively; 30 these peaks are well separated and show a potential difference of 150 mV, which is an adequately large window for simultaneously determining the concentrations of mixed solutions of o-NP and p-NP. The reduction peak currents of o-NP and p-NP at the modied electrodes increased in sequence, indicating that the Au@CSiC-SH/NH 2 -CD/GCE is suitable for the electrochemical sensing of o-NP and p-NP. Although the b-CD macrocyclic host is non-conducting and unfavorable for the electron transfer, the reduction current of o-NP and p-NP also enhanced obviously. It is worthy to note that b-CD molecule has a hydrophobic inner cavity and a hydrophilic exterior. Nitrophenol could enter the hydrophobic inner cavity of b-CD and form a stable host-guest inclusion with o-NP and p-NP through supramolecular recognition interactions. Hence, large amount of guest molecules were enriched on the surface of the modied electrode, leading to the signicant enhancement of the reduction peak current of o-NP or p-NP. Meanwhile, hydrophilic exterior of b-CD molecule could make b-CD modied CSiC into a composite with good dispersibility in aqueous solution. Such strategy of loading different supramolecular host derivatives to material and therefore enhances the molecular enrichment capability is also expected to be used in sensors for sensitive electrochemical determination of other analytes.
Optimization of experimental conditions
The pH value of the detection medium could affect the rate of mass transport to the electrode surface, especially when the redox process involves several protons. 15 The effect of pH on the current response of the Au@CSiC-SH/NH 2 -CD toward 1 mM NP was investigated within the pH range of 4.0-8.0. Fig. 2D shows that the reduction peak current gradually increases with the increased pH from 4.0 to 6.0, which was attributed to the high concentration of protons in the solution. 30 These protons replaced the molecules of nitrophenol isomers that were present on the adsorption sites on the Au@CSiC-SH/NH 2 -CD/GCE surface. However, further increase in pH caused a decrease in the reduction peak current because of the nitro anions that prevented the access of phenol compounds to the adsorption sites on the Au@CSiC-SH/NH 2 -CD/GCE surface. Therefore, pH 6.0 was selected as the optimal solution pH for the simultaneous determination of o-NP and p-NP. On the other hand, it is a general rule that a conjugate base is oxidized at less positive potentials than the corresponding acid form. A conjugate base is always more easily oxidized than the corresponding acid form, the anodic current accompanied by an antecedent acid-base equilibrium therefore always increases with increasing pH values. The observed decrease of the cathode current with increasing pH thus cannot be attributed to an acid-base reaction occurring before the electron uptake. In this study, the optimal pH of 6.0 was is considered to be the result of the synergistic effect of the above as-mentioned two reasons.
The accumulation step is a simple and effective strategy to enhance sensitivity. Thus, the effects of accumulation time and potential on the Au@CSiC-SH/NH 2 -CD/GCE sensor were investigated. The effect of accumulation potential on the reduction peak currents of NP isomers was also investigated. Fig. 3A shows that reduction peak currents gradually increase with increasing accumulation times of up to 150 s and then level off thereaer, which indicates that accumulation of o-NP and p-NP on the Au@CSiC-SH/NH 2 -CD/GCE can rapidly reach saturation. Fig. 3B shows that the highest reduction peak current is achieved at 0 V. The reduction peak currents of o-NP and p-NP were compared at different accumulation time. Accordingly, in the present study, the accumulation step was performed at 0 V for 150 s.
The effect of scan rate on the reduction of o-NP and p-NP was investigated. Fig. 4A and B show the CVs of 1 mM o-NP and p-NP on Au@CSiC-SH/NH 2 -CD/GCE for different scan rates. The reduction peak current of NP isomers increases gradually with 28 Usually, low scan rate results in a small peak current and but a long measuring time. Although high scan rate results in a large peak current, the background of peak current also increases, which affected the stability of electrochemical sensor. Therefore, 100 mV s À1 is selected as the optimal scan rate for the determination of o-NP and p-NP. In this work, b-CD molecule was used as a factor to recognize and enrich more guest molecule (NP isomers) and thus improve the current signal of NP. Usually, b-CD molecule recognizes the most guest molecules by taking some time to reach an equilibrium state. In this study, a host-guest complex of b-CD and NP was formed and the load transfer of electrons proceeds cannot be governed by pure diffusion process. In view of the enrichment of NP by b-CD, the electrochemical reaction may be a process of mixed controls of diffusion and adsorption.
Simultaneous electrochemical determination of o-NP and p-NP using DPV
DPV was used to simultaneously quantify the o-NP and p-NP under the optimal conditions. (Fig. 5B ). Fig. 5C shows the corresponding calibration curve for p-NP. The reduction currents were also proportional to the concentration of p-NP in the range of 0.01-5.00 and 5.00-150.0 mM, respectively, with a detection limit of 0.023 mM (S/N ¼ 3). The corresponding regression equations were calculated as I p-NP (mA) ¼ 0.81C p-NP (mM) + 2.59 and I p-NP (mA) ¼ 0.076C p-NP (mM) + 6.58, respectively. The performance of the proposed Au@CSiC-SH/NH 2 -CD modied electrode was compared with those of other reported electrodes.
Molecular docking
To gain an insight into the binding modes of host-guest, molecular docking was performed to study the b-CD/o-NP and b-CD/p-NP inclusion complexes. The binding modes of b-CD/o-NP and b-CD/p-NP were simulated using the DOCK6 program and shown in Fig. 6 . The docking scores and binding free energy of b-CD/o-NP and b-CD/p-NP were also obtained and provided in Tables 1 and 2 , respectively. Generally, if the binding energy is more negative, the interaction between the host and guest will be stronger. The results showed that the molecular docking and (Table   1) , where hydrophobic interaction may play an important role in the stabilization of the host-guest inclusion complex. As shown in Table 2 , the DG vdw (À20.5390 kcal mol À1 ) was much higher than DG ele (À2.5308 kcal mol À1 ) in the b-CD/o-NP host-guest inclusion, indicated that hydrophobic interaction made the more contribution than electrostatic force for the formation of the host-guest inclusion complex. Also, there were obvious positive polar solvation interaction contribution (7.6752 kcal mol À1 ) and negative nonpolar solvation
indicated that the hydrophobic interaction was favorable to the host-guest binding each other. Thus, the hydrophobic interaction was considered to be the major contribution for the formation of the b-CD/o-NP inclusion complex. In the case of b-CD/p-NP complex, the similar binding interaction (hydrophobic interaction) was found to be contributed to the formation of the host-guest inclusion complex. However, the binding interaction b-CD/o-NP complex was slightly stronger than that of b-CD/ p-NP complex. Unlike the case of b-CD/o-NP complex, the nitro group of p-NP faced to small ring of b-CD. The binding orientation of o-NP to b-CD was different from that p-NP to b-CD, which is considered to be the reason that caused the different binding interactions between o-NP/p-NP and b-CD. Overall, o-NP and p-NP molecules entered into cavity of b-CD molecule and formed a stable host-guest complex. Although a "stable" host-guest inclusion complex formed, which is considered to be a dynamic equilibrium process between b-CD and NP molecules. 21 In this sense, NO 2 group of NP molecule could reach the surface of the electrode.
Selectivity, reproducibility, and stability
To testify the selectivity of the proposed electrochemical sensor, the reduction currents of 10 mM o-NP and p-NP on the Au@CSiC-SH/NH 2 -CD/GCE were compared with signals obtained in the absence and presence of 20-fold concentrations of the interfering species (phenol, paracetamol, catechol, hydroquinone, 2,4-dinitrophenol, glucose, and citric acid). The results that the presence of the above mentioned common interferents in the system did not affect the reduction currents responses of o-NP and p-NP (Fig. 5D ). In addition, no signicant interference from some common ions (e.g. Ca was observed even with 500-fold excess of concentrations of NP isomers. The high selectivity of this method would be benecial for the detection of o-NP and p-NP in actual water sample. The reduction peak currents of 1 mM of o-NP and p-NP were measured by 6 equal Au@CSiC-SH/NH 2 -CD/GCE in 0.1 M PBS (pH 6.0) in parallel, and then were compared to evaluate the fabrication reproducibility of the Au@CSiC-SH/NH 2 -CD modied electrode. The 6 as-modied electrodes exhibited similar electrochemical responses that the relative standard deviation (RSD) of the current response values were 3.5% and 2.9% for o-NP and p-NP (data not shown), respectively, indicating satisfactory reproducibility.
Successive cyclic potential scans for 50 cycles and long-term storage assays were used to examine the stability of the Au@CSiC-SH/NH 2 -CD modied electrode. The as-constructed sensor show 97.5% and 96.8% of the initial peak current of 1 mM o-NP and p-NP, respectively, aer 30 continuous cycle scans. Additionally, a long-term stability experiment was performed intermittently (every 5 d). The constructed sensor was stored in a refrigerator at 4 C until use. A 97.5% of initial current responses was remained aer storage for 7 d, revealing an acceptable stability of the Au@CSiC-SH/NH 2 -CD modied electrode. Table 4 shows that the Au@CSiC-SH/NH 2 -CD/GCE exhibits a lower detection limit and a wider linear range of NP isomers than the other electrodes. Thus, the fabricated electrode could be used to simultaneously detect o-NP and p-NP in aqueous solutions with high sensitivity. The excellent detection performance of the sensor may be attributed to the following reasons: (1) the higher supramolecular recognition and enrichment capability of b-CD host molecules (SH-b-CD and NH 2 -CD) of the Au@CSiC-SH/NH 2 -CD nanocomposite; (2) the high surface area, the excellent conductivity, the excellent catalytic activity of CSiC for NP isomers reduction; (3) the outstanding conductivity properties of fairly well loaded Au NPs.
Real sample analysis
The proposed method was used to detect o-NP and p-NP in tapwater and wastewater samples using standard addition methods to evaluate the feasibility of the Au@CSiC-SH/NH 2 -CD/ GCE for real sample analysis. The results showed recoveries ranging from 98.0% to 102% with RSDs ranging from 2.5% to 3.2% (Table 3 ), suggested that the constructed chemical sensor 
Conclusions
In summary, in this work, SH-b-CD and NH 2 -CD were simultaneously connected to Au@CSiC by Au-S bond and amide bond to prepare composite modied electrode. The electrochemical sensor was successfully used for simultaneous detection of o-NP and p-NP by DPV upon optimal experimental conditions. Due to the good electron transfer property of CSiC and the excellent molecular recognition capability of SH-b-CD and NH 2 -CD, the developed Au@CSiC-SHCD/NH 2 -CD/GCE displays excellent analytical performance for the electrochemical sensing of o-NP and p-NP: the linear range of o-NP was between 0.01-5.00 and 5-150 mM, the detection limit was 0.019 mM (S/N ¼ 3), and the linear range of p-NP was in the range of 0.01-5.00 and 5-150 mM, the detection limit is 0.023 mM (S/N ¼ 3). The experimental results show that the sensor has good reproducibility, stability and selectivity, which can be used for the actual water sample detection. The recoveries are between 98.0-102.0% and the results are satisfactory. In addition, in this experiment we propose the introduction of two single modied b-CDs at the same interface of sensing plat, which enhances the molecular recognition ability of o-NP and p-NP and provides a promising electrochemical sensing platform for the simultaneous analysis of multianalytes at an identical interface. The experiment is simple, rapid and sensitive. The sensor is expected to be used in selective inspection environments pollutants, with a certain practical value.
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